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ABSTRACT 
 
As the global population grows, water and food demand also increase. The intensive 
aquaculture industry has helped to mitigate these problems. In order to make aquaculture 
sustainable, it is necessary to remove the abundant nutrients produced by fish in the water. In 
this study, the role of the microalga of Chlorella vulgaris in the Isolated Cultivation of Algal 
Resources Utilizing Selectivity (ICARUS) membrane photobioreactor was evaluated for nutrient 
control in the aquaculture system. The production of algal biomass, the removal rate of nutrients, 
and the impact of microalgae on cultured organisms were monitored during the operation of 
aquaculture systems. At the end of the experiment, the yield of algae in ICARUS was 
approximately 344 ± 11.3 mg / L. Compared to the control groups, this production of algae is 
considered to be low. Likely factors were insufficient indoor light intensity, membrane fouling 
limiting the mass transfer of nutrients, and improvements still needed for the overall ICARUS 
prototype design. However, ICARUS can efficiently prevent algae from contamination, and 
provide pure harvest production for food supplement. It was observed that algae have the ability 
to help stabilize pH and increase dissolved oxygen for the system.  However, in high-density, 
mixed systems, algae may cause physical damage to fish (e.g., clogging of gills). The high ammonia 
concentrations produced by fish could be controlled by Chlorella vulgaris since this species of 
algae prefers ammonia to nitrate. In conjunction with algal growth, aquaculture systems 
concentration of ammonia was maintained at 0.90±0.16 mg/L.  The integration of ICARUS is not 
 vi 
only a potentially sustainable option for aquaculture, but also a multipurpose tool for other types 
of wastewater treatment. An economic analysis for scale-up of the ICARUS system was performed.  
In summary, this study aimed to develop a new commercial ICARUS photobioreactor which can 
serve for different types of wastewater systems with a high algal production efficiency and 
economic benefits. 
 
 1 
 
 
 
 
 
CHAPTER 1: INTRODUCTION 
 
Due to the increase of the world's population, the demands for food and water are 
becoming larger. Facing these challenges, a sustainable process for food production should be 
developed for water reuse and energy conservation. Recently, aquaculture has become one of 
the most productive food-producing industries. According to the data from Food and Agriculture 
Organization of the United Nations (FAO), aquaculture accounted for almost half (49%) of the 
global fish consumption in 2012 (FAO, 2014). However, with the development of aquaculture, the 
high-density farming makes aquaculture become a high-polluting and water-consuming industry. 
Nutrient-rich fish food is the major source of water pollution, such as eutrophication, in 
aquaculture (Zou et al., 2016). The main pollutants, nitrogen (in the form of ammonia and nitrate) 
and phosphorus (mainly in the form of phosphate), are released into the water bodies by either 
uneaten fish food or excreta of fish. 
Previous studies show that only about 25% of the nitrogen from the fish food is harvested 
through fish biomass (Zou et al., 2016). In other words, approximately 75% of nitrogen is wasted, 
and forms suspended solids. Furthermore, high concentrations of ammonia and nitrite in water 
are toxic to fish. Given the inevitable toxicity of ammonia to fish, large water consumption in 
aquaculture is required to replenish water quality and maintain fish health. This is not only a 
waste of natural resources but also a potential risk of water pollution. 
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 Consequently, in recent years, the treatment of aquaculture water and water reuse has 
become a critical concern. Recirculating aquaculture systems (RAS) is a series of aquariums and 
reactors for aquaculture with near zero discharge (Delaide et al., 2017), and they operate 
intensively with minimal water exchange and high feeding loads (Davidson et al., 2017). With such 
high productivity, RAS require intensive nutrient cycling to avoid toxic conditions for fish. There 
are two conventional ways to remove the nutrients in RAS: biofilm processes and plant uptake 
(Neori et al., 2004). 
Similar to common wastewater treatment plant design, aquaculture wastewater is treated 
by various units of bacteria processes and the water is returned back to the system which reduces 
recharge water volume requirements. In the bacterial degradation process, through a series of 
oxidation and reduction processes, biological filtration reduces the organic carbon and 
decomposes the nutrients (primarily nitrogen and phosphorus) in the water. The main goals of 
these processes are to convert the toxic ammonia and nitrite into lower toxicity nitrate. Thus, the 
water can continue to be used in aquaculture systems. 
However, without the denitrification to remove the nitrate in the system, nitrate 
concentration has established nitrate is still toxic to fish at high concentration (Kellock et al., 2018). 
Therefore, water refreshing is still necessary for RASs. The effluent with high concentrations of 
nitrate is a waste of nutrients since nitrate, is an available nitrogen source for plants. A new 
treatment process, aquaponics systems, integrates hydroponic vegetable cultivation in a RAS, 
begins to draw public attention. 
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1.1 Aims of the Study 
Unlike most of the aquaponics plants which only use nitrate as a nitrogen source, 
microalgae can utilize both nitrate and ammonia nitrogen; previous studies showed that some 
species of microalgae even prefer using the ammonia rather than the nitrate (Addy et al., 2017). 
Additionally, some research indicates that algae are more efficient for overall nitrogen removal 
than vegetables (Min., 2017). This is the benefit of using microalgae in the aquaponics system 
because accumulated ammonia is toxic to fish. Meanwhile, microalgae have high economic 
benefits in terms of extractions such as biofuel, nutraceuticals, pharmaceutical, and agars. 
Additionally, some species of algae also possess edible value. (Neori et al., 2004; Addy et al., 2017). 
Moreover, some microalgae contain over 50 % protein and can be used as fish food or 
supplements, which can reduce the costs on the purchase of commercial fish food (Barone et al., 
2018). For example, previous research grew the abalone and oyster feeding on seaweed in saline 
water aquaponics systems (Schuenhoff et al., 2003; Neori et al., 2000; O'Mahoney et al., 2014). 
With regard to freshwater systems, some research suggests that the addition of algae in fish food 
can improve fish health (Cheunbarn and Cheunbarn, 2015; Addy et al., 2017). Except for 
commercial use, algae can be also used for stabilizing the water quality in aquaponics systems. In 
the presence of light, algae produce oxygen via photosynthesis; the simplified photosynthesis 
equation is below: 
6CO2 + 6H2O + light → C6H12O6 + 6O2 ··········································· (1) 
Algae can fix the carbon dioxide produced by fish and provide oxygen to increases the 
dissolved oxygen concentration in the system. Additionally, during algae growth, pH of the water 
increases due to the consumption of inorganic carbon, which can help balance the pH decrease 
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caused by nitrification process in aquaponics (Addy et al., 2017). However, with respect to 
freshwater aquaponics systems, there is almost no literature about using microalgae as the 
hydroponics “plant” component. 
Microalgae are microorganisms that tend to naturally grow in aquaponics systems. The 
reasons why the microalgae not taken seriously has an aquaponics component is that they are 
often considered as a problem because most of the microalgae are suspended in the water 
causing issues. Microalgae can block the pipes system, consume oxygen at night, and deteriorate 
the water quality, which will cause damage to the fish gills. Moreover, without protection to the 
algae crop, the microalgae might be contaminated by other microorganisms (Addy et al., 2017). 
These are problems with the use of algae in the freshwater aquaponics system which have to be 
overcome first. To prevent the microalgae suspended in the system a special container is required 
to keep and protect the crop from being contaminated, but the nutrients from wastewater still 
need to be uptake by the algae. Second, is the uptake ammonia rate of microalgae. Without 
nitrification, the fish will die if ammonia accumulates in the water. Therefore, aquaponics systems 
in conjunction with algal growth are worthy to be studied and developed with potential high 
economic and ecological benefits to be gained. 
The Isolated Cultivation of Algal Resources Utilizing Selectivity (ICARUS) system is a reactor 
for microalgae cultivation. With the specific membrane that keeps the microalgae inside the 
reactor and allows the nutrients to diffuse via passive concentration gradient into the reactor. 
This reactor has potential to solve the problems faced when using microalgae in aquaponics. 
Consequently, the purpose of this study is to investigate whether the ICARUS reactor can 
efficiently reduce the ammonia concentration in the water to provide a sufficiently stable 
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nitrogen source for microalgae and produce oxygen and clean water for fish. The ICARUS system 
can be use in the large commercial scale of the aquaponics system with future development. In 
this study, it will be tested in lab scale aquariums. In the future, ICARUS can expand to the large 
commercial scale of the aquaponics system. 
1.2 Research Questions 
 Can microalgae remove nutrients from aquaculture system? 
 Can microalgae bring the benefit to fish? 
 How can microalgae affect the fish? 
 Can ICARUS algae cultivation remove nutrients and produce microalgae biomass? 
 The practical application of ICARUS in wastewater is possible or not? 
  
Figure 1. Conceptual Principles of The Isolated Cultivation of Algal Resource Utilizing Selectivity 
(ICARUS) in Aquaculture. 
 
 6 
 
 
 
 
 
CHAPTER 2: LITERATURE REVIEW 
 
2.1 Water Quality in Aquaculture 
Water quality is related to the quality of aquaculture and even affects the life of crops in 
the system. Therefore, various water quality parameters are necessary to be closely monitored 
to ensure the safety of aquatic animals and crops cultivated within the system. Listed below and 
separately discussed are several important water quality parameters. 
2.1.1 Water Temperature 
Temperature is significant for water quality and aquatic organisms; it affects not only the 
DO concentration, pH, and nitrifying bacteria activity, but also the rate of fish growth and 
metabolism (Zou et al., 2016). Depending on the species of fish, the growth rate varies at different 
temperatures. For example, under low temperatures, the metabolism of certain species begins 
to lag and can eventually lead to fish death. Therefore, a suitable water temperature is a 
prerequisite for RAS production (Desai and Singh, 2009). 
2.1.2 Dissolved Oxygen (DO) 
DO is one of the main determinants of good water quality, in aquaculture systems. 
Adequate DO is necessary for fish respiration and bacterial nitrification efficiency in aquaculture 
systems. Consequently, DO is the most important parameter in an aquaculture system (Badiola 
et al., 2018; Ren et al., 2018). According to Henry's law, DO concentration will increase with a 
decrease of the water temperature. In aquaculture systems, majority of the DO is produced by 
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aeration or algae biological photosynthesis. DO concentration can affect the fish metabolism and 
so, food utilization efficiency. When DO concentration is maintained above 5 mg / L, it is optimal 
for fish growth (Liang and Chien, 2013; Hu et al., 2015). In the aquaponics system, plants have an 
intricate relation to DO; DO insufficiency will cause the root rot symptom, which affects the 
nutrient uptake (Wongkiew et al., 2017). Similarly, DO is essential for nitrification because these 
bacteria will be inhabited at low DO. In the study, the activity of ammonia-oxidizing bacteria(AOB) 
decreased when the DO level is below 4mg/L, and the activity of nitrite-oxidizing bacteria (NOB) 
decreased when the DO level is below 2 mg/L. Thus, the DO level should be maintained above 5 
mg/ L to ensure that the RAS is efficient (Wongkiew et al., 2017). 
2.1.3 pH 
In aquaculture systems, pH is another system-driving variable (Zou et al., 2016). 
Complicating aquaculture operations, the metabolism of fish, plants, and microorganisms can 
reach to optimal efficiency at different pH value ranges (Zou et al., 2016). pH can be affected for 
many reasons, such as nitrification, consumption of inorganic carbon by algae, and decomposition 
of organic matter (Addy et al., 2017). In freshwater aquaculture systems, the pH should be 
controlled between 6.5 and 9 whiles; in saltwater, pH will be controlled between 6.5 and 8.5 (EPA, 
1989). If the pH of the water body is out of the suitable range or rapid pH fluctuations occur in a 
short time, the organisms in the aquaculture system may die. Therefore, based on different 
aquaculture species’ pH preferences, pH is required to be regularly monitored and controlled 
(Neori et al., 2004). 
Moreover, pH will affect the speciation of the ammonia-ammonium system in the 
aquarium. According to the acidity, if the pH is low, the equilibrium will shift to the right and 
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generate more NH4+, which has lower toxicity to aquaculture system organisms. However, if the 
pH is high, the equilibrium shifts to the left, NH4+ will be converted into NH3, which is toxic to the 
aquatic animals. Thus, the appropriate pH is significant for water quality. 
NH3 + 𝐻
+ ↔ NH4
+   𝑝𝐾𝑎 = 9.25 ················································ (2) 
2.1.4 Total Ammonia Nitrogen (TAN) 
Though sometimes detrimental at high concentrations, TAN concentration is essential to 
water quality. TAN is the sum of ammonia (NH3) and ammonium(NH4+) concentrations in the 
water. The ratio of ammonia to ammonium is affected by pH and temperature, as previously 
described. There are distinct differences between the toxicity to aquatic animals of NH3 and NH4+. 
Although both of them are toxic to fish above a specific concentration, because of the uncharged 
and soluble characteristic, NH3 can cross through the biological membranes more readily than 
NH4+ (Crab et al.,2009). NH3 affects the central nervous system of fish. High concentrations of NH3 
also decreases inhibits growth and causes a variety of physiological dysfunctions (Neori et al., 
2004). According to the Environmental Protection Agency (EPA) water quality criteria, the chronic 
NH3 constraint is 1.9 mg TAN/L, and acute constraint in 1-hour is 17 mg TAN/L. Thus, the nitrogen 
cycling and, in particular, nitrification to avoid an accumulation of TAN in the system are highly 
important for an aquaculture system. 
In aquaculture systems, the main source of nitrogen is fish food protein (16% of N is 
assumed to be protein). The portion of fish feed that is consumed by the fish is excreted in the 
form of TAN (Herath and Satoh, 2015). The removal of TAN mainly relies on nitrification processes. 
Once converted to nitrate, this form of nitrogen is much less toxic to fish and can be readily used 
by plants and algae. Normally, the concentration in aquaculture system should be lower than 
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0.01–0.02 mg NH3–N/L (Camargo and Alonso, 2006). Nitrification is divided into two steps: 
Ammonia-oxidizing bacteria (AOB) oxidize ammonia to nitrite (NO2−), and nitrite is converted to 
nitrate (NO3−) by of nitrite-oxidizing bacteria (NOB). Two-step of nitrifying bacteria equation is 
shown as below: 
Ammonia − oxidizing bacteria (AOB): NH4
+ + 1.5O2 → 2H
+ + H2O + NO2
− ·········· (3) 
Nitrite − oxidizing bacteria (NOB): NO2
− + 0.5O2 → NO3 ··························· (4) 
2.1.5 Nitrite and Nitrate (NO2- & NO3-) 
As previously mentioned, nitrite is an intermediate product of the nitrification process. In 
normal systems, Nitrite-oxidizing bacteria rapidly oxidize nitrite to non-toxic nitrate in the aquatic 
environment. However, if the Nitrite-oxidizing bacteria concentration decrease due to pH or other 
factors (Zou et al., 2016), the accumulation of nitrite can have deleterious effects on aquatic 
animals. Nitrite can enter the blood of aquatic animals and combine with hemoglobin, which 
results in the loss or decline of blood oxygen transport function. Therefore, in the aquaculture 
water, nitrite must be rapidly removed to prevent the death of fish (Herath and Satoh, 2015). 
Nitrate is the end product of the nitrification process. In contrast to ammonia and nitrite, 
nitrate is less toxic to the aquatic animals. Aquatic animals can survive in high concentrations of 
nitrate; however, the effects of high concentrations of nitrate have not been extensively studied 
in most aquaculture species (Davidson et al., 2017). Some studies have shown that fish have 
better long-term health and performance at low concentrations of nitrate (30 mg/L) compared 
to high concentrations of nitrate (80-100 mg/L) (Davidson et al., 2017). When the aquaculture 
system recirculation lacks denitrification or some other nitrate removal process, nitrate will  
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accumulate in the water. The half reaction of denitrification is shown as below: 
2𝑁𝑂3
−  +  10𝑒−  +  12𝐻+  →  𝑁2  +  6𝐻2𝑂 ······································· (5) 
2.1.6 Phosphate 
Phosphorus is one of the key nutrients that limit the growth of organisms. It is a necessary 
component of nucleic acids, phospholipids, and ATP. In the wastewater treatment process, 
phosphorus is removed by enhanced biological phosphorus removal process (Solovchenko et al., 
2016). Because of the importance of phosphorus to plants and algae in the water, phosphorus 
becomes an essential indicator for the discharge of wastewater treatment sites to ensure that 
eutrophication will not occur. 
Phosphorus mainly exists as phosphate compounds which dissolve or remain suspended 
in water. Phosphates can be used directly by plants and algae. In the aquaculture, fish food not 
only releases nitrogen, but also abundant phosphorus. Phosphates can form struvite and other 
precipitates which may clog the pipes in the system. Thus, phosphorus needs to be removed from 
the aquaculture system when it is superfluous (Herath and Satoh, 2015). 
2.1.7 Total Suspended Solids (TSS) 
Suspended solids are any particles that do not dissolve into solution and can include 
plankton, excreta of aquatic organisms, and organic and inorganic microparticles. High 
concentrations of suspended solids in water can directly cause physical effects on water systems. 
Including reduction of light transmission, temperature change, and clogging the pipelines, caused 
by settling.  
In the RAS, high concentrations of suspended solids also have impacts on fish. It can slow 
the fish growth, cause physical damage to gills, and even lead to fish death (Bilotta and Brazier, 
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2008). However, different species of fish have different capacity to resist suspended particles. 
Normally in RASs, suspended solids are removed by mechanical filtration to prevent 
mineralization (Holan et al., 2014), and the standard in RASs is recommendations of 25 mg/L 
(Becke et al., 2018).  
2.1.8 Micronutrients 
Another essential indicator of an aquaculture system functionality is the micronutrient 
concentrations, which fish and plants require for growth. The primary input of nutrients for fish 
is fish food. Most commercial fish foods are already mixed with the fish-needed ingredients such 
as iron, zinc, manganese, calcium and essential vitamins(FAO,2017). However, fish food still lacks 
some microelements for plants growth such as potassium. Thus, acclimation is required to favor 
fish and plants adapting the micronutrients existing in the system (Suhl et al., 2016). For example, 
Zou and et al. (2016) prepared an iron-chelator and other microelement mixed solution to have 
better quality for plant growth. 
The micronutrients provided by fish food can also be utilized by plants. These 
micronutrients include potassium, phosphorus, calcium, sulfur, iron, boron, copper, zinc, 
manganese, and molybdenum. Delaide and et al. (2017) also found that there are some 
micronutrients present in tap water that the plants can directly take advantage of. As the study 
indicated, 75% of calcium, magnesium, sulfur, and sodium required by plants can come from tap 
water. The majority of the nutrients is wasted from sludge discharge, which includes partial 
nitrogen and metal elements. To achieve fewer micronutrients, efficient nutrient cycling can be 
improved by rotating the sludge at the bottom of the system(FAO,2017). 
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2.1.9 Food Source for Fish 
 Fish food is a major source of the cost of production in commercial aquaculture. The 
most basic chemical composition in fish food is crude protein, lipid, carbohydrate, ash and some 
additional micronutrients. These chemical ingredients such as crude protein will be adjusted to 
achieve the maximum growth rate of the fish according to the type and the age of the fish. The 
composition of the commercial fish food is usually proprietary of the manufacturer, and 
ingredients vary among manufacturers. There are many differences in the composition of the 
feed; the common ingredient for providing fish protein include fishmeal, poultry by-product meal, 
soybean meal as well as meat and bone meal. As far as lipid sources, people in the early period 
used fish oil while now the use of plant oils such as soybean oil are more common because of the 
lower price. Although the raw materials used by the manufacturers are not the same, the final 
chemical composition ratio is the critical focus. Previous studies have explored the need for crude 
protein at different stages of growth of various fish species. For example, commercial tilapia foods 
usually have three or four different nutritional indicators, depending on the stage of life or the 
size of the fish. Therefore, operators need to determine the proper ingredients for certain fish 
and stage. 
Additionally, fish can be also fed on algae, which contain sufficient nutrients such as 
protein. Although microalgae have not yet been commercially applied to produce fish food, algae 
can be utilized as a nutrient source for fish in aquaponics (Teuling et al., 2017).  In the literature, 
research has concluded that Chlorella vulgaris, Scenedesmus dimorphus, Nannochloropsis 
gaditana, and Arthrospira (Spirulina) maxima provide adequate protein sources for Nile tilapia 
and African catfish food (Addy et al., 2017; Maisashvili et al., 2015). Additionally, Nandeesh et al. 
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(2001) used Spirulina platensis as carp food, which indicated that feeding fish microalgae is worth 
exploring. Microalgae and other dietary ingredients are mixed, crushed into powder, and then 
stored in the dark for four days. Depending on different species of fish, the protein digestibility of 
microalgae fish feed is between 67 to 83% (Teuling et al.,2017). 
2.2 Water Treatment for Aquaculture 
Water treatment is required given the concerns of water reuse and serious water pollution 
caused by aquaculture (Pfeiffer and Wills,2011). High-density production of aquaculture leads to 
significant discharge of nutrients, which contaminates neighboring environments. Although 
aquaculture can have a significant impact on the environment, aquaculture has been developed 
as an indispensable food contributor to the growing global demand for food (Herath and Satoh, 
2015). There are diverse treatment technologies in aquaculture. This chapter will focus on the 
treatment processes which can ensure the sustainability of aquaculture production. 
2.2.1 Biofiltration 
Biofiltration is currently applied or water quality enhancement for aquaculture systems. 
One of the primary objectives is to remove ammonia in the wastewater. Nutrients in aquaculture 
water cause the growth of biofilms on the media surface; biofilm bacteria use oxygen to convert 
ammonia and nitrite into nitrates and oxidize organic carbon to carbon dioxide. Nitrification is an 
important indicator of good health in aquaculture biofiltration treatment (Pfeiffer and Wills,2011). 
The biofiltration process uses bacteria to convert nutrients to more preferred species. Beyond 
exchanging the water to avoid excessive accumulation of nitrate, denitrification is an essential 
process in biofiltration processes. Denitrification is the process of converting nitrate to nitrogen 
gas. Under anaerobic conditions, due to the lack of oxygen level in the environment, denitrifying 
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bacteria will use nitrate as an electron acceptor to complete the reaction. This process removes 
nitrate in the water and releases it back into the atmosphere in the form of nitrogen gas. In the 
process, the denitrifying bacteria also use organic carbon sources as electron donors. In order to 
accelerate the denitrification process, additional organic carbon sources such as methanol are 
usually added to reduce the denitrification process time and space.  
Commonly used biofilters in aquaculture systems include rotating biological contactors, 
trickling biofilters, submerged biofilters, and moving bed bioreactors (Rusten et al.,2006; Badiola 
et al.,2018). A suitable biofilter should be selected for a specific system depending on nutrient 
concentration, DO, organic matter, pH, temperature, and hydraulic retention time. For example, 
trickling biofilters have a simple design and a large oxygen contact area, but are easy to clog, and 
regular maintenance is necessary (Badiola et al.,2018). 
Table 1. Nutrient Removal Techniques in Aquaculture 
Technology Advantage Disadvantage References 
Rotating biofilters 
High removal 
efficiency, Low head 
requirements 
High costs, Low 
volumetric efficiency 
Badiola et al. (2018) 
Moving bed 
bioreactors (MBBR) 
High specific biofilm 
surface area, Low 
maintenance 
Media using affect 
the efficiency 
Pfeiffer and Wills 
(2011) 
Trickling filters 
Simplicity of design, 
construction and 
operation 
Risk of clogging 
(additional solids 
removal necessary), 
Higher pumping cost 
Crab et al. (2007) 
Fluidized biofilters 
High specific surface 
area 
Narrow water flow 
range, High pumping 
cost 
Sandu et al. (2002) 
Badiola et al. (2018) 
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2.2.2 Aquaponics 
Aquaponics is defined as the integration of hydroponic vegetable cultivation in a RAS. It is 
also considered to be an innovative solution to combat the rich-nitrogen waste cycle (Wongkiew 
et al.,2017). This technology is worthy to be developed given that aquaponics systems are more 
eco-friendly and sustainable to the environment compared to traditional aquaculture (Graber and 
Junge, 2009). Conventional hydroponics requires mineral nutrient solutions to supply the plants 
with necessary nutrients. However, the aquaponics systems use the aquaculture wastewater that 
is rich in ammonia, nitrate, and phosphate which are essential nutrients for plant growth (Goddek 
et al., 2015).  
In an aquaponics system, the nutrients for the plants came from fish excreta (ammonia) 
and fish food (nitrite and nitrate). Nitrite and ammonia require the biofilm process to oxidize into 
nitrate and nitrate can be used directly by the plants. Plants possess roots with a high specific 
area which allow nitrifying bacteria to grow on and conduct nitrification to oxidize the nitrite and 
ammonia in lieu of a side stream biofiltration system. Consequently, adequate nitrogen can be 
directly provided to the plants in aquaponics systems (Suhl et al., 2016). 
Aquaponics systems offer a symbiotic relationship environment in a closed loop system 
for the fish and plants. Aquaponics can not only minimize the water demand in aquaculture 
system (Lam et al., 2015), but also increase the profit by producing crops and fish, which 
meanwhile enhance the nitrogen removal efficiency (Martins et al., 2010). 
Aquaponics systems can be used in fresh and salt water. Seaweeds are commonly used in 
saltwater systems. Freshwater aquaponics systems have been studied extensively and Table 1 
displays common plant/fish combinations studied. The main plants produced in freshwater 
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systems are lettuce, pak choi, kale, basil, mint, tomatoes, and cabbage due to their high 
commercial value in the market (Yildiz et al., 2017). The most common fish species cultivated are 
Nile tilapia (Oreochromis niloticus), rainbow trout (Onchorynchus mykiss), common carp 
(Cyprinus carpio) and African catfish (Clarias gariepinus) (Forchino et al., 2017). These species of 
fish are well-used in freshwater aquaponics due to the high economic value and high livability in 
aquaponics systems. The common combination in aquaponics system is show in Table 2. 
Table 2. Different Combination in Aquaponic System 
Plant names Fish names References 
Tomato 
(Lycopersicon esculentum) 
Tilapia 
(Oreochromis sp.) 
Hu et al. (2015) 
Pak choi 
(Brassica chinensis) 
Tilapia 
(Oreochromis sp.) 
Common carp 
(Cyprinus carpio) 
Hu et al. (2015) 
Zou et al. (2016) 
Water spinach 
(Ipomoea aquatica) 
African catfish 
(Clarias gariepinus) 
Marble goby 
(Oxyeleotris marmorata) 
Tilapia 
(Oreochromis sp.) 
Lam et al. (2015) 
Liang and Chien (2013) 
Basil 
(Ocimum basilicum) 
Tilapia 
(Oreochromis sp.) 
Rakocy et al. (2003) 
Lettuce 
(Latuca sativa) 
Trout 
(Oncorhynchus mykiss) 
Buzby and Lin (2014) 
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2.2.3 Bio-flocs Technology 
Bio-flocs technology is a relatively new method to treat the wastewater in aquaculture. 
This technology is based on the knowledge of traditional sewage treatment systems and applied 
to aquaculture environments (Schryver et al., 2008). In systems, co-cultures of heterotrophic 
bacteria, zooplankton and algae grow in floes in the culture tank (Castine et al., 2013). 
By controlling the proportion of carbon and nitrogen in the water. Adding additional 
organic carbon sources (glucose or its carbohydrates) under controlled conditions will stimulate 
the growth of heterotrophic bacteria. The nutrients provided by fish excrement will be removed 
from the aquaculture water through microbial biomass, therefore nitrites and nitrates would not 
accumulate in aquaculture water (Schryver et al., 2008； Avnimelech, 1999). 
Bio-flocs technology can reduce the requirement of fish food in aquaculture systems 
because the flocs which growth through the nutrients in the water, can provide additional protein 
for fish, to achieve high nitrogen recovery rate in aquaculture (Crab et al., 2009). In addition to 
reducing the use of food, another advantage of bio-flocs technology is that it saves space, and 
these flocs can effectively grow with fish (Avnimelech, 2007).  
However, the flocs will increase the TSS in the water, and they can affect the growth and 
survival of the cultured fish. Furthermore, the effects on DO, organic carbon source, organic 
loading rate, temperature and pH to the bio-flocs need higher level techniques to control, and 
some of the impact factors are not apparent yet (Schryver et al., 2008). Therefore, bio-flocs 
technology still requires further study. 
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2.3 Fish Use in Aquaponics 
2.3.1 Tilapia 
Tilapia is the most commonly used fish in aquaponics systems for their high availability, 
fast growth, stress and disease resistance, and easy adaptation to the indoor environment (Liang 
and Chien, 2013). The tilapia group has been the second largest farmed fish in the world since 
2013 (Barone et al., 2018). 
The preferred temperature range for tilapia is from 27 to 30 °C (Rakocy and McGinty, 1989). 
They are almost entirely herbivores during the juvenile period. Their food sources are mainly 
phytoplankton and zooplankton with high demand for protein, lipids, vitamins, and minerals. In 
the adult fish stage, they are omnivorous. They can ingest the protein from animal or plants for 
food (FAO, 2017; Barone et al., 2018). For these reasons, tilapia is also an important breed that 
used in commercial cultivation. 
2.3.2 Carp 
Carp is a typical miscellaneous fish. The water temperature range for carp is 3 °C to 35 °C, 
and the optimum water temperature for growth and reproduction is 20 °C to 25 °C (FAO, 2017). 
However, Desai and Singh (2009) suggested that 28 °C favor Carp to grow at a higher rate. 
Nevertheless, their feeding behavior would become less active when the temperature was under 
17°C. pH should range from 7.5–8.0(Zou et al., 2016). Carp can also live in an extreme condition 
at low oxygen concentration (0.3-0.5 mg/L) and even supersaturation environment. Zou and et al. 
(2016) suggested that the DO concentration for carp should be above 5 mg/L. Freshwater 
aquaculture in Asia is mainly based on carp and accounts for about 89% of total aquaculture 
production. 
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2.3.3 Catfish 
Catfish are usually found in lakes, streams, rivers, swamps, and floodplains, many of which 
are subject to seasonal drying. Because of a special breathing system, catfish can breathe in the 
air so that they can survive in extremely low DO environments (FAO, 2017). Furthermore, they 
are omnivorous predators. Their main food is plants, insects, and zooplankton. In the aquaponics 
system, the optimal water temperature for fry of catfish is maintained at 28 °C, pH 7, and below 
3 mg/L of ammonia (FAO, 2017). 
2.3.4 Trout 
Trout are native to Pacific North America; however, the production of trout extends to the 
tropical and subtropical area of Asia, East Africa, and South America in the 1950s (FAO, 2017). 
Consequently, there are also many domestic species developed in different areas. Trout is a 
carnivorous animal which mainly feeds on insects. Thus, trout's demand for nutrients is higher 
than majority of the other fish. These fish also need to live in high-quality water, which requires 
that the pH value is 6.5-8.5, the temperature is 12-21ºC, iron content must be less than 1.0 mg/L, 
and zinc content should <0.05 mg/L. Since the optimal water temperature for trout is below 21ºC. 
For the better living environment, the suggestion of DO should be near the saturation (FAO, 2017). 
2.4 Algae Background 
Microalgae is an essential role in global commerce due to high market value (e.g., Spirulina 
is approximately $22.5/kg., and Chlorella is about $45/kg) (Addy et al., 2017). Through rapid 
cultivation, a large amount of biomass can be obtained (Sakarika and Kornaros, 2016). In general, 
the composition of algae is approximately 50% carbon, 10% nitrogen, and 2% phosphorus 
(Rittman and McCarty, 2001). Depending on different species of algae, their biomass contains 
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vitamins, minerals, protein, pigments, polysaccharides, and unsaturated fatty acids. These 
ingredients in the microalgae have high value and can be used in various fields; they are 
commonly applied in medicine, nutritional supplements for human and animals, food-processing 
addictives, and cosmetics. Algae biomass can be also used as the raw materials of biofuels. 
Currently, many industries have commercialized the cultivation of algae (Neori et al., 2004; 
Sakarika and Kornaros, 2016; Kuo et al., 2016; Li et al., 2011).  
Microalgae can be cultivated at autotrophic, heterotrophic and even mixotrophic 
conditions (Sakarika and Kornaros, 2016), but all microalgae are phototrophs; they are efficient 
convertors of solar energy, provided that all the necessary nutrients which support the microalgae 
growth, including water, carbon dioxide, nitrogen, and phosphorus.  
Algae can uptake the nitrogenous and phosphorus compounds from various stages of the 
treatment process and have rapid growth rate (Li et al., 2011). Many previous studies 
demonstrated that microalgae can effectively be used and has great potential in treating different 
kinds of wastewater, such as municipal, agricultural, aquaculture or industrial waste, aquaculture 
wastewater (Addy et al., 2017; Zhao et al., 2018; Sun et al., 2018). 
Although cultivation the microalgae has great potential and can efficiently uptake 
nutrients from wastewater, microalgae production still has some challenges. First is the 
microalgae cultivation. Cultivation is the most massive costs of producing algae biomass (Silva et 
al., 2013). The single cells of microalgae are about 3-30 μm diameter (Grima et al.,2017), which 
can be hard to control during the cultivation. Thus, according to different product requirements, 
different culturing equipment needs to be selected to protect the algae. There are two main 
platforms to cultivation the algae today, raceways (open system) and photobioreactors (PBR) 
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(close system) (Silva et al., 2013). PBR provide a more controllable environment for producing 
algae and can reduce the threat of contamination from undesired species and predators. However, 
with higher controllability, the cost of PBR operation is also higher (Silva et al., 2013).  
Another difficulty with algae production is the harvesting. Microalgae concentration is 
usually about 1g/L after cultivation (Silva et al., 2013), due to the need for more concentrated 
algae for downstream processing into different products, no matter is used for oil-extraction or 
produces the edible powder. Various conventional harvesting techniques include flocculation, 
centrifugation, sedimentation, and membrane filtration. Every method has their advantages and 
disadvantages; for example, flocculants might leave residual metal that can affect the 
downstream processing or the products, membrane-based processes have higher capital costs, 
etc. Thus, reducing the costs and energy is of paramount importance to the economics of 
microalgae production. 
Table 3. Techniques of Algae Harvesting 
Technology Problems References 
Flocculation 
Flocculants contamination, Expansive 
flocculants 
Silva et al. (2013) 
Centrifugation 
High energy requirement, High operational 
costs 
Cheruvu et al. 
(2016) 
Gravity 
sedimentation 
Time consuming 
Cheruvu et al. 
(2016) 
Membrane filtration Membrane need to replace periodically 
Zhang et al. (2010) 
Silva et al. (2013) 
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2.4.1 Chlorella Vulgaris 
Chlorella vulgaris is a versatile freshwater eukaryotic unicellular green spherical alga with 
the cell size varying between 2 and 10 μm in diameter (Sakarika and Kornaros, 2016). It can grow 
under extreme conditions, such as extreme pH and temperature, and live in different kinds of 
media and wastewater (Addy et al., 2017). C. vulgaris possesses a fast growth rate which makes 
it an ideal species for large-scale cultivation (Sarayloo et al., 2018). In addition to be a natural 
source of food and dietary supplements, C. vulgaris also has a high ability to accumulate lipids in 
the biomass; high lipid content makes this alga a suitable species for biodiesel production. Thus, 
C. vulgaris has the potential to abate the challenge of oil shortage in the future. 
2.4.2 Spirulina Species  
Spirulina sp. products are mainly generated from two species of multicellular filamentous 
planktonic cyanobacteria, Arthrospira platensis and Arthrospira maxima (Neher et al., 2018). 
Because the biomass in Spirulina sp. contains a high level of minerals, proteins, antioxidants, 
polyunsaturated fatty acids, and carotenoids, products have important medical and nutritional 
value that can provide health benefits to the human body (Neher et al., 2018). For these reasons, 
Spirulina sp. has been widely used as a dietary supplement and a natural-origin food source for 
humans and animals. Spirulina sp. has been cultivated in large numbers worldwide and has been 
commercially developed for nearly 40 years (Hynstova et al., 2018; Hidasi and Belay, 2018). 
2.5 ICARUS 
Previous studies show that it is useful to utilize microalgae cultivation as a wastewater 
treatment process and make the profit through product generation from the algae biomass (Li et 
al., 2011; Zhou et al., 2011; Drexler et al., 2014). However, using wastewater as feedstock has a 
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high risk of contaminating the crops, this is the problem that must be solved with this integration 
of into the algae cultivation process. 
In other traditional algae production systems, the additional expenditures such as makeup 
water and nutrients for algae growth are required (Davis et al., 2011).  Isolated Cultivation of 
Algal Resource Utilizing Selectivity (ICARUS) is a new microalgae cultivation platform (Drexler et 
al., 2014), using a semi-closed reactor and passive membrane design. Based on the concentration 
gradients between the wastewater and ICARUS reactor, dissolved nutrients and organics carbon 
diffuse in or out of the ICARUS reactor. Due to the protection of the membrane, ICARUS can grow 
via the nutrient which provides by the wastewater, and these wastewaters can be directly used 
without any processing for disinfection or sterilization, and unwanted species and predators from 
the wastewater can be blocked. This membrane separation ensures the health and purity of the 
crop cultivated inside the reactor chamber. With a faster growth rate, ICARUS can harvest a higher 
concentration of algae. 
Another advantage of ICARUS is the structure of this reactor can be floated in any 
treatment water body, cultivation pond, and even aquaculture ponds; this can make full use of 
the existing space, which reduce the traditional algae cultivation external input on land required. 
ICARUS can cultivate the algae without extra land costs. This is one of the major economic 
advantages for the production of algae industrial. In the current large-scale cultivation of algae 
industrial, the cost of land is one of the considerable cost in all algae production capital cost. 
Depends on the different methods of cultivating the algae, the cost of land will be slightly different. 
One of most the common culture methods, raceway pond, where land costs may account for 
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about 10% of the capital cost and the PBR system may account for about 3 to 5 %(Davis et al., 
2011). 
The last point to produce higher economic interests is, ICARUS has an ability to 
concentrate the algae culture by itself, although more relevant experimental results are still 
required to approve this point. However, according to previous experiments, if ICARUS can 
produce enough algae and sealed, ICARUS will dewater due to the pressure increase in the reactor 
which caused by water evaporation and heat of solar irradiation. Through this dewatering process, 
higher concentrations of algae culture can be obtained. Concentrates the algae are one of the 
necessary costs in producing algae product. According to reports, algae concentrates can account 
for up to 20% of the production cost according to different algae cultivation methods (Davis et al., 
2011). Therefore, ICARUS can concentrate the algae through the pressure generated by itself, 
which can reduce the cost on the downstream of algae processing. A brief comparison of the 
open pond, PBR and ICARUS options is provided in Table 4. 
This benefit reduces the extra cost for makeup water and nutrient expenditure for the 
culture of algae and reduces the pressure on the back-end treatment of wastewater treatment 
plant and be more sustainable and efficient use nutrient resources. 
Table 4. Comparison of Open Pond PBR and ICARUS Pod 
Metric Open pond*1 PBR system*2 ICARUS 
Capital investment Low High High 
Water use (makeup water) High Low None 
Nutrients require Require Require No require 
Flexibility Low High High 
Downstream processing cost High Low Low 
*1. Slegers et al. (2015); Chia et al. (2018) 
*2. Silva et al. (2013); Slegers et al. (2015)   
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CHAPTER 3: EXPERIMENTAL EVALUATION - MATERIAL AND METHODS 
3.1 Algae Species 
The predominant species used in this study is the freshwater microalgae Chlorella vulgaris 
(UTEX, 1803); it was obtained from the culture collection of Texas University (Austin, TX). Another 
species is Scenedesmus sp. 
The reason why Chlorella vulgaris was selected as predominant species is because it has 
higher growth rate, robust adaptable, and superior for wastewater treatment than other species 
of algae. Most importantly it has relatively high and commercial value in the market (Addy et al., 
2017). 
The microalgae were cultivated in the PVC tube PBR, with the Bold 3NV medium at 
25 ± 1 °C under a 12h/12h photoperiod, the light intensity of approximately 50 W⁄m2 during light 
hours from daylight fluorescent tubes. 
Bold 3N medium nutrient composition includes following: NaNO3 (75g/L), CaCl2．2H2O 
(2.5g/L), MgSO4．7H2O (7.5g/L), K2HPO4 (7.5g/L), KH2PO4 (17.5g/L), NaCl (2.5g/L), P-IV Metal 
Solution, Soilwater, Vitamin B12, Biotin, Thiamine per UTEX Bold 3N recipe. 
During the experiment, the microalgae observation was using two different methods. A 
hemocytometer was used to determine the density of different algae with the optical microscope. 
According to common freshwater algae atlas, different microalgae species have various forms, 
and the species were identified by observing the forms. In addition to using an optical microscope, 
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microalgae cells are also estimated through the measured optical density. By measuring the 
optical density at 680 nm, the chlorophyll content of the algal culture can be calculated to 
estimate the growth of the algae (Drexler, 2014). Based on previous measurement with the 
optical density at 682 nm, a calibration equation can be used to calculate biomass concentration 
by the optical density of Chlorella vulgaris cells (Kuo et al., 2016). The equation is described as 
below: 
Biomass concentration(g/L) = 0.3101 × 𝑂𝐷682 − 0.0065  ····················· (6) 
This experiment uses these two methods to estimate microalgae biomass. The optical 
density of the samples microalgae culture in this experiment was read out by the 
spectrophotometer (HACH DR/4000, Loveland, CO, USA) after completely mixing the culture.  
3.2 Fish and Acclimation 
Fry of red tilapia, Oreochromis sp. (1/4 - 3/4 inch) was obtained from Tilapia Depot, Florida, 
USA. Before the experiment, fishes were grown for two months in a 120-gallon plastic tank to 
adapt to laboratory conditions. This tank was supplied with the continuous flow of aerated fresh 
water which passes through the UV disinfection unit before entering the tank to ensure the water 
quality (water temperature: 28° C.; pH: 8~7; DO> 5 mg/L). Automatic fish feeders are used to feed 
fish once a day with the total feeding ration 2% of fish body weight. The fish food was the pellets 
which contains 50% of crude protein, 16% of crude fat, and 3%of crude fiber.  
Before the start of the experiment, the fish were weighed and distributed in the tank 
according to their weight, with ten tilapia fries (21.73±5.07g) per tank. During the experiment, 
the fish were feed by the automatic fish feeders twice a day at 11:00 and 18:00. Feeding ration 
2% of fish body weight per day. On the fifteenth day, five fish were randomly picked out for 
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weighing to determine the increment of the fish food based on the fish growth. At the end of the 
experiment, all the fish were removed from the tank for weighing. 
3.3 ICARUS 
The ICARUS prototype is composed of two major shells of molded Polyethylene 
terephthalate (PET) top and bottom, the reason for choosing PET is that this material has good 
stability, abrasion resistance, high strength and light weight. These conditions which make PET 
shell be able to produce algae in various environments. The prototype volume is approximately 
6L. The chamber can be filled with 2.5L of algae stock solution and dimensions is 
30cm×25cm×16.5cm. It assembled with two acrylic clamps and a rubber gasket, bolted with 
Stainless Steel screws for water and air tight seal. Each prototype had two pieces of membranes 
attached to the bottom part, an approximate 240cm2 of total membrane surface area, 800KDa 
polyvinylidene fluoride (PVDF) was chosen as the membrane materials. The structure of ICARUS 
prototype is shown in Figure 2. 
In comparison with the previous ICARUS reactor utilizing prefabricated containers, the 
new ICARUS prototype has evolved to adapt to large-scale production. The vacuum-forming 
process unit was built up to conduct the batch production of ICARUS prototype. Vacuum-forming 
is a method to produce the uniform plastic product by stretching a heated plastic sheet on the 
mold. The vacuum-forming systems include vacuum tables, insulated heating elements (from two 
space heaters), PET plastic wood frame, and two molds (mold was modeled using a glass dish for 
the top and wood for the bottom.). Shown in Figure 3. 
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3.3.1 Forming Process 
Once the ICARUS quantities and requirements were determined, taking into consideration 
of the allowable plastic stretch and angle sharpness of the product material, 2mm clear PET sheet 
was chosen to be the product material. Place the mold of the part that needs to be manufactured 
on vacuum tables; the new PET plastic sheeting should sufficiently clamp on the wood frame to 
ensure the plastic sheet is firmly fixed during and won't shedding during the forming process. 
Shedding may cause molding failure. Place the fixed PET plastic sheet under the heating elements. 
Turn on heating elements set to the proper temperature, use heating elements to melted PET to 
a moldable temperature, overheating of the plastic sheet causes too much droop which led to 
Figure 2. Structure of ICARUS Prototype. (From left to right: Top acrylic clamp, stainless steel 
screw, PET top pieces, rubber gasket, PET bottom pieces and bottom acrylic clamp). 
Figure 3. Vacuum-forming Systems. (B) Top and bottom PET Molds, and (C) Heating elements. 
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mold ruining webbing. Melted PET plastic is stretched onto the mold and form the mold by 
vacuum the air. Finishing the details and sharpness of the finished model with a heated gun. Once 
the molded PET is cooled, it can remove from the vacuum tables, and start trimming and finishing 
the molded, removed the excess PET. Then drill holes, cuts, and slots on the PET part. After the 
processing is completed, the protective film can remove from the finished product, which can 
achieve the best transparency of the product. 
3.4 System Setup 
The three systems used in this study are shown in Figure 5.and Figure 6. Three 40-gallon, 
36 inch×18 inch×17-inch glass aquariums were purchased from AQUEON and set up. Each of the 
three systems is connected to an air pump to provide enough oxygen for fish growth. During the 
experiment, except for evaporation and sampling losses, there was no water exchange from the 
fish tank. Water was continuously circulated in each fish tanks by a recirculating pump to keep 
Figure 4. Vacuum Forming Process. (A) Heating the PET sheet, (B) Top mold, (C) Bottom mold, 
(D) and (E) Molded PET. 
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the water flowing, and freshwater was added to replenish the loss of water every day. The water 
level in the fish tank was maintained at the height of 13 inches to guarantee about 130 L of water. 
0.5M H₃PO4 and 1M NaHCO₃ are dosed periodically into maintaining the pH in the fish 
tanks in the neutral range (pH6.5 ~ 9). The average water temperature in the fish tanks was 
controlled by a constant temperature water heater at 25~28°C, and the light cycle was 12 H light 
photoperiod and 12 H dark photoperiod to simulate the natural condition. The light intensity 
reached approximately 50 W⁄m2 during light hours from daylight fluorescent tubes. 
The first system consists of two main parts. The fish tank connected to a 
15inch×3inch×6inch (1.2 gallons) acrylic container using a pump with a water flow of 
approximately 300GPH. This acrylic container includes a mechanical filtration and a fixed biofilter. 
The water from the fish tank is nitrified and purified by this biofiltration system, and the cleaned 
water flows back to the tank under gravity. 
The second system was put in three ICARUS prototypes floating on the water; each 
prototype contains 2.5L of initial microalgae culture (100mg/L). During the research, the nutrient 
removal efficiency of ICARUS was detected. 
The third system, as an experimental control group, was added with the same amount of 
initial microalgae culture with ICARUS prototype in second system to compare the differences 
between experimental groups and control group. 
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3.5 Water Quality Measurement 
 The nutrients content in water samples were analyzed for TAN (NH3and NH4+), nitrate 
nitrogen (NO3 -N), total nitrogen (TN), chemical oxygen demand (COD), Total Phosphorus (TP), 
routine on-site measurement of pH, DO, and the temperature was performed around 12:00 every 
Figure 5. Three Experiment Aquaculture Systems. (1) Fish tank (40 gallon), (2) Biofiltration 
system in first system (1.2 gallon), (3) air pump, (4) Fish feeder, and (5) ICARUS prototype. 
Figure 6. The Actual Experiment System. 
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day. Except for routine on-site measurements, 20 mL of water samples were collected daily for 
TAN concentration measurement. 
Water quality monitoring is performed every other day. The water sample was collect 
approximately 50 ml of each fish tank and take it back to the laboratory. TAN, NO3 -N, TN TP, and 
COD were tested using the HACH test kits (HACH Loveland, CO). TAN concentration analysis was 
completed within 12 hours after sampling. Water samples that could not be analyzed immediately 
were stored at 4°C in a refrigerated condition, and the water samples were analyzed within one 
week. Before measuring the nutrients content, water samples were filtered through 0.45 μm glass 
fiber filter which has been pre-rinsed, dried and pre-weighed. According to standard methods 
2540D with an ammonia bicarbonate rinse recommended by Zhu & Lee (1997), the filters were 
heated at 105°C for 1 hour and allowed to dry for about half an hour before the filter was weighed. 
These filters were used to measure total suspended solids (TSS) of the water sample. 
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CHAPTER 4: EXPERIMENAL EVALUATION - RESULTS AND DISCUSSION 
 
4.1 Growth, Survival, and Production of Tilapia 
Figure 7 shows the growth of tilapia in the three systems. In the experiment, the survival 
rates of the fish system one and two were both 100%, but on the day 23th of system three, one 
fish died. From the results of the study, although the final average fish body weight was similar in 
the three systems (approximately 49.56 ± 1.67 g). The fish in system 3 was growth in a high 
concentration algae environment, compared to system 1 and 2 fish weight standard deviation 
9.536g and 9.161g, the fish weight standard deviation in system 3 had a more substantial standard 
deviation of 22.284g. The fish activity was significantly lower than the other two systems, and 
even one of the fish died during the experiment. This shows that algae can affect the survival of 
fish. The concentration of algae in aquaculture water must be appropriately controlled. 
Figure 7. Growth of Tilapia in Different System. 
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4.2 Physicochemical Parameters  
Water quality parameters (pH, temperature) for the three systems throughout the study 
are shown in Figure 8. According to the equation of nitrification reaction, the activity state of 
nitrifying bacteria can be seen in the drop of pH in three systems. Figure 8(A) shows that with the 
algae absorb TAN in system 3, it has lower nitrification and slower pH drop compared to the first 
and second systems. This result indicates that algae have the capacity to stabilize the water quality 
and the aquaculture can have more resilience. The water temperature, in system 1 and system 3, 
the average water temperature was 26.88±0.77°C and 26.43±1.06°C. Due to the coverage of three 
ICARUS on system 2, the heat loss was reduced because the contact area between water and air, 
this caused the water temperature was higher in system 2, the average is 28.06±0.88°C. This 
represents the consumption of energy in control of the water temperature can be reduced; also, 
tilapia is acceptable at higher water temperatures. Figure 8(B) shows the temperature of the 
three systems in the experiment. 
Figure 8. The Temperature and pH of Three Systems in the Experiment. (A) Temperate, and (B) 
pH. 
 35 
4.3 Nutrients Waste and Water Quality in the System 
Figure 9 shows the changes in nutrient concentrations (i.e., TAN, NO3-N, TN, TP, COD, and 
TSS) in the three systems. 
The concentration of nitrogen compounds are shows in Figures 9(A), (B) and (C). NH3 has 
toxic effects on fish survival and should be controlled for its concentration. At the start of the 
experiment, the TAN in the three systems began to accumulate. According to Fig. 8(A), at 2/24-
2/25, nitrifying bacteria in system 1 is established, and the biofilter has stably converted the TAN 
to NO3. The biofilter in system 1 works well, average TAN concentration in the water was 
maintained at 0.41±0.11 mg/L. Almost all the nitrogen compounds were retained in the system 
as NO3 and barely nitrogen loss in the system 1. On the other hand, in 2/25-2/26 the algae in 
system 3 also began to absorb the TAN which produced by fish stably and converted into algal 
biomass. The TAN concentration in the second system was not controlled well by the ICARUS 
reactors and TAN continuously accumulated in the system. On the day 14th, the TAN 
concentration reached to11.84±0.81 mg/L. According to the EPA's Aquatic Life Criteria,17mg/L of 
TAN can cause the fish death within 24 hours (EPA, 2013). By adding an additional biofiltration 
unit on day 11, the TAN in the system was reduced and stable on the day 17th through the 
nitrifying bacteria is build up in the unit, the TAN concentration is dropped to 0.03±0.051 mg/L 
and controlled. On the day15, the feeding rate is increased from 4.5g/day to 7g/day due to the 
fish weight. Under the biofiltration system, the concentration of TAN in system 1 and 2 does not 
have much change. But in the third system, with the interaction of feeding rate, TAN 
concentration was increased to 3.18±0.21 mg/L. Luckily, the algae absorbed the excess TAN, 
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indicating that the algae still have capable to absorbing the shock load of TAN, and the TAN 
concentration in the average water body was maintained at 0.90±0.16 mg/L. 
Compared to the TN with control group system 1 on Figure 9(C) the ICARUS reactor 
reduced approximately 1.3 g of TN throughout the experiment, while algae uptake in system 3 
reduced TN by approximately 6.37 g which remove more than half of TN during the experiment. 
This shows that the algae have the ability to remove the TAN, but the removal of TN on ICARUS 
reactor need to improve, and this should be relative to the nutrients diffusion on the membrane.  
The TP concentration changes are shown in Figure 9(D). Since the 0.5% H3PO4 was used 
to adjust the water to pH 7 at the beginning of the experiment, the TP concentration was as high 
as 48.65±0.78 mg/L. However, with the rapid growth of nitrifying bacteria and algae in the water, 
the TP has dropped dramatically. In system 2, because the TP needs to bear by passive diffusion 
into ICARUS, the decline rate is slower than the other two systems. On the fifteenth day, TP in the 
three systems began to increase due to the increased feeding rate, achieving new system 
equilibrium. According to Figure 8, it can be seen from the nutrients concentration in ICARUS. The 
nutrients concentration in ICARUS was 2.46±0.68 mg/L of TAN, 47.36±4.19 mg/L of NO3 -N and 0 
mg of TP /L, while the background concentration of nutrients in system 2 water was 0.27±0.15 
mg/L of TAN, 68.4 mg/L of NO3 -N, and 17.25±0.07 mg/L of TP. 
These results show that the growth of algae in ICARUS is limited by TP, passive diffusion 
through the membrane may begin to foul, and the diffusion of TP is limited. Thus, without the 
phosphorus nutrient, the algae would not uptake the nitrogen nutrient, and TAN start 
accumulating in the water. Through the observation of Figure 8, Membrane foul may occur at the 
10th to the 15th day or so. 
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Figure 9. The Nutrients Variations of Three Systems in the Experiment. (A) NH3-N, (B) NO3-N 
(C) TN, (D) TP, (E), COD and (F) TSS of three systems in the experiment. 
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4.4 The Overall Growth of Microalgae and Effect on the System  
Figure 10 shows the effect of microalgae on DO in systems 2 and 3. As shown in Figure 
10(A), in system 2, the effect of ICARUS cultured algae on increasing dissolved oxygen was not 
obvious. Once the aerator was turned off, the DO in system 2 will decline at the rate of 1.5 mg/hr 
drops. However, during the light hours cycle, ICARUS can still increase approximately 1 mg/L of 
DO to the water. Figure 10(B) shows that microalgae in system 3 can increase the DO to 10.5 mg/L 
during the light hours cycle, which can meet the requirement of DO for the fish. But algae stop 
the photosynthesis during the dark hours cycle; and start competing for the oxygen in the water 
with fish, DO decreased even the aeration still working, the lowest recorded of DO was 2.3mg/L. 
Therefore, algae can provide oxygen for fish, but at night it will compete with it. Thus, aeration 
B 
A 
Figure 10. The 24 hr. Cycle DO Concentration in the Experiment. (A) System 2 (B)System 3. 
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seems inevitable in all the aquaculture systems. Figure 11 shows the growth of microalgae in two 
systems. According to Figure 11 (A), the concentration of algae in system 3 is 306.1 ± 0.3 mg/L, 
while the concentration of algae in ICARUS is 344.5 ± 11.3 mg/L. In comparison, ICARUS appeared 
to have better algal production capacity, but after calculating the total volume of the culture water, 
the total algae weight in system 3 was 39.79 g, while the total algae weight in three ICARUS was 
2.13 g. Figure 11(B) shows the weight of microalgae after calculating the total volume. 
4.5 Invasive Organisms  
ICARUS has achieved different successes in maintaining pure microalgae cultures to avoid 
contamination (Figure 12). On the day 30th, the pictures under the microscope, in the third 
system, many particles are mixed with the microalgae, and the culture was very diversity. In 
contrast to ICARUS reactor in system 2, microalgae did not combine with the particles and the 
resulting culture was consistent with the initial algae culture. And the most important point is 
that different types of microalgae found in the background water from the system did not appear 
in the culture of ICARUS. The results show that ICARUS can protect algae cultures from the 
Figure 11. The Algae Growth, and Dry Biomass of System 2 and 3 in the Experiment. (A) Algae 
growth, and (B) Dry biomass of system 2 and 3. 
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predator to pass across the membrane and contaminate, which is very important in preventing 
cultures from collapsing and can maintain the single species cultures. 
Figure 12. Microscope Pictures of Microalgae Culture and Contamination. (A) Day0 Algae Culture, 
(B) (C) Community Diversity in system 2 background, (D) Algae in the ICARUS reactor, (E) (F) and 
(G) Algae community in system 3. All microscope photographs were taken at 40x. 
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4.6 Nitrogen Budget 
Nitrogen budget was calculated at the end of the experiment (shown in Figure 13). The 
most important part is the ratio of nitrogen between the water and algae. In other words, is to 
compare the efficiency of nitrogen uptake from water by ICARUS and uncontrolled algae. 
The total nitrogen contained in the algae is estimated by the 7% ratio of proteins in algae 
cells (Addy et al., 2017). Also, according to reports, that the protein concentration in algae cells 
has a diurnal variation, which varies by approximately 10% based on the average of different 
weather and months (Hidasi and Belay, 2018). Therefore, in the calculation of algae total nitrogen, 
a daily variation of 10% is also added. 
The nitrogen retained in the algae was 0.99 ± 0.10% in system 2 and 26.45 ± 2.65% in 
system 3. According to the report of Zou et al., 2016, by using the pakchoi's aquaponics system, 
nitrogen remains in plants at a maximum of 34.8%, demonstrating that algae are capable of 
having sufficient capacity as a method of aquaculture wastewater. Unfortunately, the nitrogen 
removal on ICARUS reactor was not as good as expected, but the nitrogen retained in the liquid 
phase of ICARUS reactor was 2.95%. This shows that ICARUS reactor still has nitrogen for algae to 
uptake, but membrane foul limits other nutrients to diffusion through. 
Interestingly, there were significant differences in nitrogen loss observed in this 
experiment, especially in system 2 and system 3, the amount of loss in three systems is 0.14%, 
13.30%, and 32.59%. Less nitrogen loss in the system 1 means that the system is complete, and 
the DO was sufficient, the evaporation of NH3 was very low, and the nitrate in the water was not 
denitrified to N2. 
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Compared with system 1, the other two systems have higher losses in nitrogen, except for 
the evaporation and denitrification, and another loss is coming from the calculation of biomass 
in algae. Due to the growth of different species of algae in the water, different species of algae 
have different chlorophyll content in the cell which will affect the OD read out. Thus, it creates an 
error in the equation used to calculate the biomass, especially the uncontrolled algae culture in 
system 3.  
4.7 Result Summary and Discussion 
These nutrients reduce in two systems results agree with the microalgae can efficiently 
remove nutrients from aquaculture water. Although compared to mix culture in system three the 
removal rate of ICARUS PBR is not as expected; surely the ICARUS can efficiently avoid algae form 
contamination, and successfully produce microalgae in the aquaculture system. In the course of 
the experiment, it can also be determined that high-density algae may cause some physical 
damage to fish gills, which reduce some fish growth rate or even mortality of the fish. Before the 
experiment, it was expected that algae could provide oxygen to aquaculture. However, algae can 
provide the oxygen for the aquaculture, but it also will compete with the fish during the night, 
Figure 13. Total Nitrogen Analyzes of Three Systems in the Experiment. 
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and the oxygen that ICARUS produce was not enough to provide to fish. Thus, aeration seems to 
be inevitable in the aquaculture. 
The removal rate of ICARUS PBR is not as expected which leads the need for additional 
biofiltration to treat the ammonia in water. The reason for this problem is the passive diffusion of 
nutrients through the membrane are too slow, and even the membrane was fouled. The slow 
diffusion also indirectly affected the growth of algae in ICARUS, phosphorus is the limitation of 
nutrients for algae growth. Another important point is the fluorescent tubes lighting system in 
the experiment. The solar irradiation which is one of the important growth factors is much lower 
than outdoor. In this experiment the average of solar irradiation is approximately 50W/m2, under 
the sunlight, the solar irradiation can get up to 1000W/m2. Under the higher solar irradiation, 
algae in ICARUS can have higher growth, in other words, have better nutrients removal for 
aquaculture system. 
ICARUS can safely extract nutrients from aquaculture and effectively convert it into algal 
biomass. However, further research is necessary, redesign the commercial ICARUS PBR which 
have a better surface area for increasing the algae growth, adding additional light to the algae 
area during the night or increase the surface area of the membrane (such as W shape). These 
changes allow ICARUS to have better algae production and nutrient removal. The ICARUS 
integration is not only a more sustainable option for aquaculture but also a more sustainable 
option for many kinds of wastewater. 
In the end of the experiment, this aquaculture water was discharge to the sewer system. 
The water with the algae after added the bleach to degrade the cell and discharge into the sewer 
system.   
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CHAPTER 5: ECONOMIC ANALYSIS OF ICARUS SYSTEM 
 
5.1 Define Problem/Need of Commercial ICARUS 
5.1.1 Identify the Function of the Final Design  
Commercial ICARUS PBR is designed to use the wastewater containing high nutrients as 
an algae culture medium to allow algae to produce biomass. With the final design, this PBR can 
not only produce algae biomass but also can save the wastewater treatment funds and get the 
extra income from producing algae. The new design was defined based on the relevant 
experiments done by the prototype. The final design will be subject to the principles of no 
additional facility on the treatment plant, reducing the risk of possible contamination in ICARUS, 
achieving the maximum algae production, lowering the manufacturing price, and saving 
operation and maintenance costs. 
5.1.2 Define the Goal and Scope of the Work 
The design goals of ICARUS are mainly to establish a new biological treatment process for 
various wastewater treatment plants, which can effectively reuse the nutrients resources in 
wastewater. The decreasing nutrients will occur in the form of high concentrations of algae 
biomass, to achieve nutrient management and maximum benefits. 
5.1.3 Identify Evaluation Criteria and Constraints 
For this project, the design aims to improve the current ICARUS prototype, to achieve 
cultivating high-quality algae through the wastewater which contains high nutrient substances in 
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the wastewater treatment plant, while still maintaining the treatment plant area, thereby 
reducing nutrients in the water and increasing the income of the wastewater treatment plant. In 
addition, this design is intended to minimize the operation cost and use the better material which 
has a longer lifetime and more robust structure PBR and no impact on the environment and 
human health. For this design, the lifespan of this PBR, algae harvest quality and production 
efficiency are the main criteria. Economically the cost is a significant consideration. The cost 
composed of two parts: the production cost of the commercial ICARUS and the operation and 
maintenance costs. The production cost of ICARUS is short-term while the operation and 
maintenance costs are long-term considerations. Operability and ease of maintenance are 
important parts, to ensure that most efficient revenues, the numbers of operators required in the 
commercial ICARUS are the key. There are some limitations to the materials for building 
commercial ICARUS. In addition to strong materials that need to operate in the wastewater and 
under the sun. Most importantly these materials should be non-toxicity, due to the algae 
produced by ICARUS can be used in food processing. 
5.2 Comparison of ICARUS Final Design and Current Prototype 
5.2.1 Cost of Prototype 
As the ICARUS prototype specification described in Chapter 3-3, the two major shells are 
made by 1/16" thick PET. The complete materials cost of the prototype is approximately $46.24. 
The materials cost, specifications and the calculations are shown in the Table3. According to the 
experience of previous experiments, the lifetime of a brand-new prototype can be used about 
three times to produce algae and be operated for about one month each time. Because the 
membrane on the prototype will be fouled after one producing cycle, thus after each time, the 
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membrane should be changed, and one extra membrane will cost $1.25. After calculation, the 
average material cost during one use stage of the prototype is approximately $16.25. The 
prototype cost list is shown is Table5.  
Table 5. ICARUS Prototype Parts List 
 
5.3 Describe Design Ideas 
To ensure that the commercial ICARUS is easy to be operated and maintained, the final 
version was evaluated to be operational with two operators.  
Commercial ICARUS maintains the prototype appearance. To allow the algae to have a 
larger area of sun exposure, the new ICARUS has a surface area of 1m×0.75m. The depths of 
commercial ICARUS are similar to prototype. The shallowest part is 10cm, while the deepest part 
Part Item (and number) 
Price 
(USD) 
Size/Number 
per prototype 
Cost per 
prototype 
(USD) 
Shell 48”×96”×1/16" PET Clear Sheet 50 
Two sheets of 
24”×24” 
12.5 
Frame 24” ×48” ×0.22” Acrylic Sheet 65.2 
Two pieces of 
10”×12” 
16.3 
Gasket 
Mold Star 20T Silicone Mold 
Making Rubber (2lbs) 
35.5 0.2lbs 3.55 
Membrane V7 PHT 800kDa PVDF (1m2) 50 0.025m2 1.25 
Screws 
316 Stainless Steel, 1/4"-28 
Thread, 1" Long (10) 
6.35 12 7.62 
Wing Nut 
18-8 Stainless Steel 1/4"-28 
Thread Size (25) 
10.45 12 5.02 
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is 20cm. The total volume is designed to accommodate approximately 50 to 60L of algae culture 
which should be easy to operate under two operators. 
In the prototype design, because the design is composed of top and bottom shells, the 
joints in the middle need to be screwed tight together with the gasket. However, under the 
pressure of water or air, the sealing joints may fail to resist, which will cause the algae cultural 
contamination and collapse. Thus, the new commercial ICARUS shell was changed to an 
integrated structure, which can reduce the problem of cultural contamination from the leakage 
of sealing joints. Additionally, the prototype installation method of the membranes is to stick the 
membranes to the bottom shell of the prototype. This design is likely to cause damage to the PBR 
when replacing the membranes, and it is also easy to cause cultural contamination due to 
incomplete adhesion on the PET shells. To replace the new membranes with the more efficient 
method, the commercial ICARUS was designed with two pieces of the reinforced plastic frame. 
The membranes can be easily fixed on the ICARUS with the stainless-steel screws and a rubber 
gasket in between of the plastic frames to achieve a waterproof effect. The structure of the final 
commercial ICARUS design is shown in Figure 14. 
Figure 14. The Structure of Commercial ICARUS. 
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5.4 Implement 
5.4.1 Material Use in Commercial ICARUS 
In order to obtain a transparent and high-strength material for the commercial ICARUS 
shell, the final decision was to use the clear PET same as the prototype. For supporting a larger 
volume of algae culture, the thin originally PET sheet used in the prototype was changed to PET 
with a thickness of 2millimeters. Gasket, which is used to maintain the ICARUS PBR seal, was 
made of food grade rubber to ensure that the wastewater from outside the culture and the 
chemicals contained in rubber materials do not contaminate the algae product. Acrylic was taken 
advantage for clamps used to hold the membranes. Whereas, it was found that, after a period of 
time, acrylic would become vulnerable and damaged under the solar irradiation. This problem is 
considered as one of the major causes of algal culture contaminations. Therefore, in commercial 
ICARUS, durable and flexible High-Density Polyethylene (HDPE) will be used as the material for 
clamps and reinforced PBR structures. In the screws and nuts parts, 18-8 Stainless Steel is used 
to prevent the general metal from rusting due to a long immersion in the water, which means a 
slower depletion of screws and nuts as well as a lower risk of algae product contaminations 
caused by toxin leakage from the metal. 
5.4.2 Capital Cost Analysis 
The raw material price for PET is approximately US$2,778 per ton, and one unit of 
commercial ICARUS consumes 5.5 kg of PET material. The price the finished shell is about $60, 
including a mold fee, material wastage/loss fee, and processing fees. The materials consumed 
from gasket and clamps are respectively 1.4-mm-thick food grade rubber and 3-mm-thick HDPE 
sheet both with an area of 0.112 square meters in each unit of commercial ICARUS, and the raw 
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material price for each of them is $86 per square meters and $110 per 10 square meters. One 
unit contains 20 pairs of screws and nuts made of 18-8 stainless steel. Considering the processing 
fee with the estimated workday of 0.15, the wage was based on the report of U.S. Bureau of Labor 
Statistics average hourly wage on 2017. The total cost of each unit is approximately $173. 
Generally, the total cost is the sum of raw material costs, mold manufacturing costs, plastics 
processing costs, secondary processing costs, 5% material wastage/loss costs, and labor fee. The 
final price is based on a batch production of 8000 to 10,000 plastic shells, and this production 
quantity is relative to a life cycle of the plastic mold can produce. The data are shown in Table 6, 
and Table 7. 
Table 6. Material Cost in Commercial ICARUS 
 
Part Material Unit Unit Price (USD) Prototype Price (USD) 
Shell Clear PET 1 Tons 2778 5.5 kg 16.97 
Gasket Food Grade Waterproof Rubber 1 m2 86 0.112 m2 9.64 
Glue Poly Adhesive 1 kg 15 1 kg 15 
Clamps HDPE (3mm) 10m2 110 0.112 m2 1.23 
Screws 18-8 Stainless Steel Hex Head Screws 50 4.72 20 1.89 
Nuts 18-8 Stainless Steel Hex Nuts 50 3.76 20 1.51 
Total 47 
 50 
Table 7. Detail of Building Cost for Commercial ICARUS 
 
5.5 Practical Application Analysis  
5.5.1 Prototype Analysis 
Based on the algae market value provided in the Addy et al., 2017 report, an economic 
analysis of prototype and commercial ICARUS was conducted using Chlorella $45/kg. The 
accumulation of algae can limit the algae growth in the ICARUS because excessive microorganisms 
hinder the light transmission through the shell. It is reported that, the concentration of algae 
produced in PBR is approximately 2 to 6 g / L (Davis et al., 2011). Based on past ICARUS experiment 
Project Calculation basis Price (USD) 
Raw material costs per unit 47 
PET processing costs 
per unit (under a lifecycle of mold) 42 Mold manufacturing costs 
Machine fee and Electrical bill 
Material wastage/loss rate 5% of material cost 2.35 
Secondary processing costs 
0.15 Day per unit ($26.34/hour) 94.85 
Labor costs 
Tax   
Shipping costs   
Total 187 
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in wastewater treatment plan, 6 g / L was assumed as the algae concentration in ICARUS (Pickett, 
pending publication). After harvesting the algae, most of the algae product required for more 
concentrated algae for downstream processing. However, with different targets of algae products, 
the harvested products should be respectively purified under variety of concentrating processes. 
Thus, in this analysis, the processing cost will be ignored. In addition, since the estimated cost 
would to some degree deviate from the actual cost, the actual price was calculated using the 
Project Stages and expected Accuracy recommended by the Association for the Advancement of 
Cost Engineering International (AACEI) in 1997. Accordingly, this economic analysis will assume 
that the current project stages of commercial ICARUS are in the stage of Authorization or Control 
(Preliminary Estimate), and according to the suggestions from AACEI, the deviation of the 
estimated cost from the practical one is 20%. 
The prototype is produced in the lab as an experimental model for ICARUS products. 
Through numerous experiments for algae production in the prototype, a reasonable ICARUS 
design was developed. The analysis excluded material wastage, electricity costs, and labor costs 
due to the difficulty of estimating the accurate material, energy and labor consumption in the 
production. Thus, only the raw material cost was taken into consideration to conduct the 
economic analysis. 
The material cost for prototype cost $16.25 per time. In order to equalize the cost of 
materials and obtain the benefits, the prototype needs to produce more than 360g of Chlorella 
to meet the cost of materials. With a 2.5L prototype, the algae concentration should reach 144g/L, 
which is impossible to achieve. Base on the assumption, a 2.5L prototype can produce about 15g 
of algae at a time, and the algae income is about $0.68 per time. However, the membrane cost is 
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$1.25 for each operation, which needs to be replaced after a production cycle. The prototype cost 
cannot be equalized when the algal value is $45/kg. The value of the required algae selling prices 
was as high as $84/kg or more, under this selling price, a life cycle of prototypes can obtain 
benefits from algae production. From the conclusions of this section, it can realize that the price 
of the membrane will affect most of ICARUS's profits. In practical application analysis, this 
situation needs to be solved. 
5.5.2 System Description 
In this algae harvest system, due to flexibility and efficiency, the fully automatic harvesting 
and controlled system was selected for commercial ICARUS application. Figure 15. shows a 
schematic of an auto-controlled system implemented for a commercial ICARUS under outdoor 
wastewater treatment plant condition. Each auto-controlled system controlled ten ICARUS pods 
and was considered to be in optimal operating condition. The V-shaped bottom of ICARUS can 
Figure 15. Schematic of the ICARUS in Practical Application. 
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concentrate the settled algae, and the plumbing system and pump can transport these 
concentrated algae from the bottom of the ICARUS to the algae storage container. With these 
concentrated algae, this system can reduce the cost of dewatering process in algae product. 
5.5.3 Design of the Automatic Control System 
The auto-controlled system was mainly divided into three major parts, plumbing and 
pump system, monitoring system, and photovoltaic power supply system. The plumbing system 
consisted of two parts, the PVC pipe and branch tubing. The 20 meters 1/2" PVC pipes were used 
to connect with the pump to collect the algae. The robustly-rubber tubing connected between 
the main pipe to each floating ICARUS bottom. The 12V 10gallons/min DC centrifugal pump was 
applied for biomass transport.  
The auto-controlled system and monitoring system were based on the Arduino. The 
sensor installed on the Arduino included the temperature sensor, the solar irradiation sensor, and 
the flow rate sensor. To monitor and control every ICARUS, a water level sensor and a pressure 
controller would be also installed on the ICARUS and connect to the Arduino. An additional 
backup battery was equipped to send the alarm when the power supply shuts down.  
The last part was the power supply system. Due to outdoor configuration of the system, 
the electricity for operating this system can be generated through the solar photovoltaic system. 
Base on the system does not require much electricity to operate. With a 12V 50W PV solar panel 
and a 12V 100 Ah battery, the storage of electricity can maintain the power supply with several 
days without the sunlight. The specifications of the materials and prices calculation of the auto-
controlled system is shown in Table 8. 
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Table 8. Specifications Materials and Cost in Auto-controlled System 
 
Part Material Price (USD) Amount Price (USD) 
Plumbing & Pump System 
½” Rubber Tubing $40/10m 1 $40 
½” PVC Pipe $2.20/10m 2 $4.40 
12V DC, 10GPM Centrifugal pump $244 1 $244 
Monitoring System 
Arduino Kit $35 1 $35 
Temperature sensor $15 1 $15 
Solar PAR sensor $50 1 $50 
Flow rate sensor $30 1 $30 
Water level sensor $15 10 $150 
Pressure controller $10 10 $100 
Waterproof junction box $50 1 $50 
Recharge Battery kit $10 1 $10 
Power Supply System 
12V 50-Watt PV solar panel $90 1 $90 
30Ah Charge controller $40 1 $40 
12V 50Ah Battery $100 1 $100 
Total $959 
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5.5.4 Capital Costs 
The manufacture cost of commercial ICARUS was estimated to be approximately $187. 
After adding a 20% price fluctuation, the actual cost of commercial ICARUS was between $150 
and $225. Given that the ICARUS are required to run in presence of the sun and were made of 
PET plastic, the lifespans of the commercial ICARUS were assumed to be five years. Thus, the 
commercial ICARUS has an average annual cost between $30 to $45 (Assume $37.5/year). The 
auto-controlled system has a relatively long service life than the ICARUS. Assuming that this 
control system has a 10 years of service life, the life cycle cost estimation for the auto-controlled 
system was approximately $96 when the buildup cost is $959. The overall capital cost was around 
$471. 
5.5.5 Operation Cost 
The main expenditure on operation cost had two parts, labor cost, and maintenance cost. 
In the labor cost, due to this fully automatic system, daily maintenance was no longer needed. 
Thus, a weekly visit of 1 hours was estimated (include the traffic time) as well as a requirement 
of 5 days’ annual maintenance and two working hours for each maintenance day. 
The maintenance cost was mainly for the replacement of the commercial ICARUS 
membrane. Under the operation of the Arduino system, when the control pressure increases due 
to oxygen produced by algae inside the ICARUS, backwash happens on the membrane. Backwash 
process can prolong the lifespan of the membrane, based on which it assumed that each 
commercial ICARUS only required to be exchanged the membrane once a year. The second 
maintenance cost was the maintenance and replacement cost of the entire auto-controlled 
system. Due to the outdoor configuration, the system replacement fee for every year was 
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assumed to increase up to the maximum of 10% price of overall capital for a new system. The 
labor and maintenance cost were shown as detailed in Table 9. 
Table 9. Operation Cost for Commercial ICARUS System 
Part  Unit 
Unit price 
(USD) 
Amount Price(USD) 
Labor 
Weekly visit Year $26.34/hour 
0.5 h/week × 
52weeks = 52hr 
$949 
Annual 
maintenance 
Year $26.34/hour 
2hr/day × 5day = 
10hr 
Membrane 
V7 PHT 800kDa 
PVDF 
1m2 $50 0.76m2 $38 
Maintenance 
System and 
ICARUS  
New 
system 
$1146 10% $115 
Total $1102 
 
5.6 Result 
After the calculation with Table 8 and Table 9, the final cost for the practical application of 
ICARUS is approximately $1573/year.  
According to previous experiments on ICARUS prototype, algae concentration can reach 6 
g/L within a 20-day production cycle. Under this production rate, 60 liter's commercial ICARUS 
can produce approximately 18g of algae in a day. Cheruvu et al. (2016) research mention that the 
settled algae concentration can reach 15 g/L; thus, the harvestable algae capacity in the system 
is assumed to be 10 L/day. Under this production rate of algae, on the assumption of 350 days of 
operation per year, has 15 days of maintenance and cleaning systems. About 52.5 kg of algae can 
harvest in one year, and the production price of the algae is approximate $30/Kg. If the practical 
application of commercial ICARUS can be start, this way of harvesting the algae seems to be very 
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competitive. Although this system only harvests the 15g/L of concentrated algae, however, 
compared to the Chlorella price in Addy et al., 2017 report ($45/kg), the price that ICARUS harvest 
concentrated algae still has some wiggle room to produce different algae products. Coupled with 
the advantages of using ICARUS can harvest high-purity algae, this commercial ICARUS practical 
application is worth continuing to study. 
 Table 10. The Total Investment Cost for Commercial ICARUS 
Part  Price Per year (USD) 
Capital Costs 
ICARUS $375 
Auto-controlled system $96 
Operation Cost  $1102 
Total $1573 
  
Figure 16. Backwash and Dewater Design of Commercial ICARUS. 
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CHAPTER 6: CONCLUSION AND APPLICATION 
 
In this study, the feasibility of integrating the ICARUS floating membrane algal 
photobioreactor system to aquaculture (tilapia) was evaluated. Additionally, a proposed 
commercial-scale ICARUS platform was analyzed not only for aquaculture wastewater but also for 
other wastewater treatment systems to provide a more sustainable option. The main conclusions 
of this study are: 
 The algae possess the ability to consume ammonia as nitrogen source, which can be 
detrimental to the fish in the aquaculture systems. 
 The ICARUS pods used in aquaculture systems shows that the ICARUS pods have an ability 
to remove the nutrients generated by fish and have the potential to produce value-added 
algae products from nutrients in the recirculating wastewater. 
 ICARUS can effectively prevent algae cultures from contamination and collapse, thereby 
increasing the economic value of pure algae culture. 
 In aquaculture systems, algae can stabilize the water quality, increase dissolved oxygen 
and act as the nutrients control system. Integrates these two systems can present the best 
opportunity in sustainable aquaculture. 
 Although the nutrition produced by fish in aquaculture can successfully favor algae growth 
in ICARUS pods, the slow rate of passive diffusion caused the accumulation of ammonia 
nitrogen. Thus, additional treatment and adjustment phase is required.  
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 During the experiment, the solar irradiation provided by fluorescent tubes cannot 
efficiently support the metabolism of algae. In the future research, the topic will be 
focused on the outdoor experiments or indoor experiments with extended illumination 
during nighttime. 
 Although algae can effectively control the phosphorus concentrations in circulating water, 
fouling of the membrane limits the diffusion of phosphorus, leading to insufficient 
nutrients for the algae growth in the ICARUS pods.  
 The main consumable item for ICARUS reactor is the membrane; it will foul over time. 
Therefore, the price of the membrane will affect most of the profits on production algae. 
In future experiments, methods to extend the life of the membrane should be the primary 
objective. One approach is to control the pressure of oxygen inside ICARUS, (generated by 
algae inside the pod), thereby achieving backwash for the membrane on ICARUS pods.  
 Base on the economic analysis of the proposed commercial ICARUS system in practical 
application, the production of algae by commercial ICARUS is quite competitive. 
Compared with the current large-scale cultivation of algae industrial, ICARUS has many 
benefits with regards to the production of algae.   
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APPENDIX A: PICTURE IN THE EXPERIMENT 
 
Table A1. Picture During the Experiment 
Day 1 membrane Day 5 membrane 
  
Day 10 membrane Day 15 membrane 
  
Day 20 membrane Day 25 membrane 
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Table A1. (Continued) 
Day 30 membrane Day 30 membrane 
  
Dead fish in system 3 at day23 Dead fish in system 3 at day23 
  
Measure the weight of the fish Three prototypes membrane looks 
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Table A1. (Continued) 
ICARUS internal at day 30 Fish at day 30 
  
Day 0 Day 1 
  
Day 5 Day 10 
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Table A1. (Continued) 
Day 15 Day 20 
  
Day 25 Day 30 
  
Additional biofiltration system in system 2 Exterior of prototype 
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Table A1. (Continued) 
Exterior of prototype Exterior of prototype 
  
Membrane size Membrane size 
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